Tau deposition is found in a variety of neurodegenerative brain diseases. The identification of tau mutations that cause familial dementia demonstrated that aberrant Tau alone could cause neurodegenerative disease and suggested that Tau likely plays a role in other cases in which Tau deposits are found, most notably Alzheimer disease. The mechanisms by which tau mutations cause neurodegeneration vary and are unclear to some degree, but evidence supports changes in alternative splicing, phosphorylation state, interaction with tubulin, and selfassociation into filaments as important contributing factors.
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Tau Pathology in Alzheimer and Other Neurodegenerative Diseases

AD
2 is characterized pathologically by extracellular deposits of A␤ and by neurofibrillary tangles and neuropil threads composed of hyperphosphorylated filaments of the otherwise microtubule-associated protein Tau. Although A␤ is apparently the initiator in AD pathogenesis, it has become increasingly clear that aberrant Tau protein also plays a key role (reviewed in Refs. 1 and 2). This role apparently lies downstream of A␤, although the molecular connection between A␤ and Tau is unknown.
Tau deposition is seen not only in AD but in a number of other neurodegenerative diseases as well, including frontotemporal dementia, Pick disease, dementia pugilistica, corticobasal degeneration, and progressive supranuclear palsy (reviewed in Refs. [1] [2] [3] . In these various disorders, collectively called tauopathies, aberrant Tau is the principal pathological feature. Previous debates about the pathogenic role of Tau in these diseases were largely settled with the discovery that mutations in the tau gene itself are associated with a certain form of frontotemporal dementia (4 -6), strong evidence that changes in the Tau protein alone can cause neurodegeneration. This minireview focuses on the normal biological chemistry of Tau and how disease-associated mutations in tau might lead to neurodegeneration.
Normal Tau Function and Isoforms
Tau is normally associated with microtubules and is involved in their assembly and stabilization (7, 8) . Microtubules are critical for cellular function, especially for neurons, which require microtubule assembly from tubulin building blocks for the growth and integrity of axons and dendrites (reviewed in Ref. 9) and for the transport of molecular cargo between the cell body and distant synapses (reviewed in Ref. 10) . Tau plays an important role in microtubule dynamics: too little may destabilize microtubules, and too much may overly stabilize them. Most recently, Tau has been found to be a key player in anterograde transport by kinesin and retrograde transport by the dynein complex (11) . The Tau protein undergoes extensive and complex phosphorylation, and the phosphorylation state can affect microtubule binding (reviewed in Ref. 12 ). Kinase-mediated phosphorylation inhibits microtubule binding, whereas phosphatase-mediated dephosphorylation restores binding.
Despite the ostensibly essential function of Tau in microtubule formation, maintenance, and dynamics, tau knock-out mice display only mild phenotypes, including muscle weakness, hyperactivity, and impaired fear conditioning, but not neurodegeneration (13) . This suggests that neurodegeneration is not due to simple loss of Tau function. However, compensation during development cannot be ruled out, and a conditional knock-out of tau in the adult mouse brain may provide more definitive answers to the question of whether loss of Tau function alone can contribute to neurodegeneration. Tau is abundantly expressed in the central nervous system, especially in neurons (14) , and its role in microtubule formation and function suggests that disruption of microtubules, so critical to axonal structure and transport, may be one way by which aberrant Tau leads to neurodegeneration.
The Tau protein contains several imperfectly repeated 18-residue microtubule-binding domains in the C-terminal region (15) (16) (17) . These are linked through a proline-rich region to an acidic N-terminal region (also called the projection domain) that has recently been shown to interact with the p150 subunit of the dynactin complex involved in retrograde axonal transport (18) . In addition to the repeat domains, other regions of the protein may play contributing roles in microtubule binding (e.g. Ref. 19) . The tau gene is composed of 16 exons, 11 of which are expressed in the central nervous system, and the pre-mRNA undergoes alternative splicing of exons 2, 3, and 10 ( Fig. 1) (20 -22) . Exons 2 and 3 each encode 29 amino acids, and the inclusion of exon 2 is coupled to exon 3 inclusion but not vice versa. Thus, Tau isoforms are 2N (both exons 2 and 3), 1N (exon 3 only), or 0N (neither). Exon 10 encodes 31 amino acids and the second of four possible microtubule-binding domains; alternative splicing of exon 10 results in a 4R (with four microtubule-binding domain repeats) or 3R (three repeats) form of Tau (22) (23) (24) . Thus, altogether six isoforms of Tau are normally expressed in central nervous system neurons. The formation of these isoforms changes during the course of development, with 0N/3R Tau seen solely in the fetal brain and all six isoforms seen normally in the adult brain (24) . The 4R/3R ratio, critical to disease pathogenesis (see below), is roughly 1:1 in the adult brain.
Mutations in FTDP-17
The understanding of the role of aberrant Tau in neurodegenerative diseases was dramatically advanced in 1998 when mutations in the tau gene were discovered to be associated with FTDP-17T (frontotemporal dementia with parkinsonism linked to chromosome 17 and specifically characterized by tau pathology) (4 -6). Initially identified mutations cluster in and around the regions encoding the microtubule-binding domains, suggesting that perturbed ability to bind microtubules might be involved in neuronal destruction and death in these families. The FTDP-17T mutations provided clear evidence that alterations in tau alone could cause neurodegenerative disease and strongly suggested that aberrant Tau plays a pathogenic role in other tauopathies, including AD.
To date, at least 37 mutations associated with FTDP-17T or related disorders have been identified (Figs. 1 and 2) (reviewed in Ref. 25) . These are all missense mutations, mutations that affect splicing, or both, and almost all cluster in the portion encoding the C-terminal region or in an intervening sequence near exon 10. The C-terminal missense mutations all appear to impair Tau binding to microtubules and the ability of Tau to promote microtubule assembly, whereas a disease-associated mutation of a conserved arginine in the N-terminal region has recently been found to disrupt binding to the p150 subunit of the dynactin complex (18) . Most of the silent mutations increase the 4R/3R ratio by modulating alternative splicing of exon 10. Missense mutations found within exon 10 affect only the three 4R isoforms, whereas those found outside this region affect all six Tau isoforms. Along with the consistent Tau deposition in these familial cases and the observation that complete knock-out of tau in mice does not lead to neurodegeneration, the fact that all but one of the diseaseassociated mutations (26) are dominant strongly suggests a gain of a toxic function: one normal copy remains, and in the case of exon 10 missense mutations, even the 3R Tau translated from the disease allele is normal. No disease-associated mutations that lead to either a truncated protein or the nonsensemediated decay of message have been identified.
Differences in the clinical and pathological phenotypes are seen between the various tau mutations (reviewed in Refs. 3 and 25). Although many mutations lead to a phenotype resembling FTDP-17T, others lead to phenotypes overlapping or identical to Pick disease, corticobasal degeneration, progressive supranuclear palsy, or AD. Some mutations lead to Tau pathology in both neurons and glial cells, whereas others lead to Tau pathology primarily or strictly in neurons. However, rather than suggesting specific phenotypic differences between tau mutations, many of these differences may reflect the different genetic and environmental contexts in which these mutations happen to reside. Ultrastructural differences in Tau filaments in brain tissue are also observed between different tau mutations, with some correlating with twisted helical filaments, some with paired helical filaments (similar to what is seen in AD), and still others with straight filaments (25) . How these mutations may lead to differently assembled Tau filaments is unclear, especially because no high resolution structure of Tau or Tau mutants is available.
Mutations That Affect Splicing
Roughly half of the identified tau mutations associated with FTDP-17 affect the alternative splicing of exon 10 (reviewed in Refs. 3 and 25) . Although a number of these are intronic mutations near the exon 10 5Ј-splice site, others are mutations in the coding region of exon 10. Almost all of these mutations lead to an increased inclusion of exon 10 and therefore an increase in the 4R/3R ratio. However, three mutations apparently do the opposite, inhibiting inclusion of exon 10 and decreasing the 4R/3R ratio, suggesting that perhaps the 3R/4R balance is critical (27, 28) .
The silent and intronic mutations that increase 4R Tau would be expected to have the opposite effect on microtubule binding to most of the missense mutations: the former would lead to increased binding, whereas the latter would decrease binding. How then can both types of mutations lead to filaments of hyperphosphorylated Tau? One idea is that the increase in 4R Tau saturates the binding sites on microtubules and thereby results in unassociated 4R Tau that is more prone to phosphorylation and self-assembly (25) . Another possibility is that higher association with microtubules may create higher local concentrations of 4R Tau and therefore a better microenvironment for assembly. In cases in which mutations shift in favor of 3R Tau, less binding to microtubules is thought to increase the cytosolic concentration of Tau and favor self-association.
The silent and intronic mutations near the exon 10 5Ј-splice site enhance exon 10 inclusion through two general mechanisms: altering linear cis-splicing elements or destabilizing a stem-loop structure at the exon-intron junction. The stemloop structure was hypothesized (4, 6, 29) upon the initial discovery of FTDP-17 mutations in the tau gene, noting the apparent self-complementarity in this region. Subsequent determination of the solution structure of an oligonucleotide based on this exon-intron junction by NMR spectroscopy (30) led to refinement of the stem-loop model to seven specific base pairs (Fig. 2) , with an adenosine bulge between the sixth and seventh base pair. The structure further shows that this unpaired purine ring is intercalated back into the A-form RNA duplex. Disease-associated mutations would be predicted to destabilize the stem-loop and make this site more available to splicing factors (specifically the U1 snRNP that interacts with 5Ј-splice sites; see Fig. 2 ).
Thermal stability studies of oligonucleotides demonstrated that disease-associated mutations within the putative stem-loop lower the melting temperature of the RNA duplex (i.e. where the double-stranded RNA dissociates to the single-stranded form) (30, 31) . A minigene construct encoding exons 9 -11 recapitulated normal Tau exon 10 splicing for the wild-type sequence and increased exon 10 inclusion for disease-causing mutations (32) . This minigene has been used to demonstrate that other mutations specifically designed to enhance stability of the stem-loop (and located distal to the U1 snRNP-binding site) reduce exon 10 inclusion to decrease the 4R/3R ratio as predicted (31) .
Other evidence has been taken to suggest that the stem-loop is not a biologically relevant structure and that these intronic mutations instead either enhance the complementarity of the 5Ј-splice site with the U1 SNP or affect an ISS and the binding of a repressor protein (27, 33, 34) . However, U1 SNP complementarity changes cannot explain the effects of all the mutations in this region, an ISS cannot explain the effects of stem-loop-stabilizing mutations, and no protein factor involved in ISS recognition has been identified.
Other disease-causing mutations outside the stem-loop can also increase exon 10 splicing, likely due to strengthening of an ESE or weakening of an ISS or an exon splicing silencer. Putative ESE regions have been identified in exon 10 (33, 35) , with one being a purine-rich ESE and where mutations N279K and ⌬K280 reside. The splicing factor Tra2␤, part of a class of RNAbinding proteins that contain serine-and arginine-rich domains, binds to this purine-rich ESE to enhance exon 10 inclusion (35) . In addition, an intron silencer modulator sequence element has been identified just downstream of the stem-loop, and this element contains the ϩ19 mutation that increases 3R Tau (34).
Missense Mutations That Affect Protein-Protein Interactions
Other missense mutations apparently decrease the ability of Tau to facilitate microtubule assembly. These mutations are found primarily in and around the microtubule-binding domains and reduce the ability of Tau to promote microtubule assembly from tubulin (36, 37) . Two exceptions are S305N and Q336R, which enhance the ability of Tau to facilitate microtu- bule assembly (38, 39) . The S305N mutation alters exon 10 splicing (27) ; thus, distinguishing the mechanism by which this mutation exerts pathogenicity is difficult. However, the ability of the Q336R mutation to enhance the microtubule binding role of Tau again suggests that the balance of Tau proteins capable of interacting with microtubules may be a critical factor ultimately dictating whether Tau will self-assemble into filaments or not. Other evidence suggests that missense mutations may directly confer the ability of Tau to form filaments. Some studies show for instance that a wide range of missense mutants (R5L, K257T, I260V, G272V, ⌬K280, P301L, P301S, G335V, Q336R, V337M, and R406W) promote in vitro formation of filaments in the presence of polymerization-inducing agents such as heparin and arachidonic acid (39 -46) . Filament formation has also been observed in neuroglioma cells upon expression of mutant Tau (47) .
Phosphorylation is also thought to be critical to the pathogenicity of Tau (reviewed in Ref. 12) . Tau is phosphorylated in multiple sites by multiple kinases, but some sites tend to be more phosphorylated in Tau pathology. Studying the role of these phosphorylations in tauopathies is fraught with difficulties, however. In vitro phosphorylations by particular kinases are typically challenging to confirm in vivo, and the order of events (phosphorylation vis-à-vis microtubule dissociation or filament formation) is still unclear. Some kinase inhibitors have been shown to dramatically reduce Tau pathology in transgenic mice (48, 49) , but such agents notoriously lack specificity. Nevertheless, some evidence has been reported that disease-associated Tau missense mutations can lead to enhanced phosphorylation (50) , and hyperphosphorylation can induce Tau self-assembly into filaments (51) . Other studies show that Tau mutants bind less to phosphatase 2A (52) , the principal phosphatase in the brain, which associates with the microtubule-binding repeat domains.
Animal Models
A number of transgenic mice expressing Tau have been developed to generate disease models for tauopathies, and some show Tau pathology and neurodegeneration as well as behavioral deficits (reviewed in Ref. 2 ; also see minireview by Morrissette et al. (61) on AD mouse models in this series). These mice have provided critical in vivo models for determining the role of aberrant Tau in neurodegeneration. For instance, evidence suggests that microgliosis and synaptic pathology may be the earliest manifestation of neurodegenerative tauopathies and that abrogation of Tau-induce microglial activation may be therapeutically beneficial (53) . A mouse line expressing human genomic tau expresses all six brain isoforms of Tau and allows the study of the splicing of human Tau in vivo (54) . Crossing tau transgenic mice with those that overproduce A␤ has provided important models for AD that have shed light on the role of Tau with respect to A␤ (55) . Moreover, knock-out of endogenous mouse tau alleviates A␤-induced memory deficits (56) , suggesting that targeting Tau may be a worthwhile AD therapeutic strategy.
Questions remain regarding the pathological role of Tau filaments in neurodegeneration. Although most transgenic tau mice suggest that filament formation is connected to neurodegeneration, results with a mouse line containing an inducible tau gene showed that suppressing Tau improved memory even though neurofibrillary tangles continued to grow (57) . One important caveat to this study is that Tau levels under suppressed conditions in these mice were still dramatically higher than those in wild-type mice. Other evidence in flies and worms suggests that Tau can cause neurodegeneration in the absence of filament formation (58, 59) . Nevertheless, it would be surprising if Tau filaments within neuronal cell bodies and along axonal and dendritic projections are compatible with normal neuronal function and health.
Haplotypes
Although tau mutations have not been identified in neurodegenerative diseases other than familial FTDP-17T, evidence suggests that mutations in the tau gene may nevertheless contribute to the development of other tauopathies (reviewed in Ref. 60 ). More broadly, the human population has two main tau haplotypes, H1 and H2, which are defined by a set of SNPs and a 238-bp deletion in intron 9. The H2 haplotype is also associated with an inversion of an ϳ900-kb region that includes the entire tau gene. Despite these nucleotide sequence differences, the two haplotypes encode identical protein sequences. The association of certain tau haplotypes with neurodegenerative diseases has been equivocal, however.
Conclusions
Aberrant Tau clearly plays a role in the pathogenesis of a variety of neurodegenerative brain diseases, and the study of disease-causing mutations in the tau gene has suggested molecular mechanisms. Some mutations reveal that changes in alternative pre-mRNA splicing of exon 10 alone can cause Tau pathology and disease, whereas others point to increased phosphorylation, altered microtubule binding, microtubule instability, and Tau 
